Increased energy intake activates the sympathetic nervous system (SNS) in animals and man. While dietary carbohydrate and fat stimulate, the impact of dietary protein on the SNS is not well defined. The present studies examine the effect of protein ingestion on sympathetic function based upon the measurement of I3Hlnorepinephrine (NE) turnover in heart and interscapular brown adipose tissue (IBAT) as the index of SNS activity. In these experiments, animals were pair-fed mixtures of laboratory chow and refined preparations of casein, sucrose, and lard to permit comparisons among nutrients with total energy intake held constant or with additional energy provided in the form of a single nutrient. After 5 d of eating a 2:1 mixture of chow and either casein or sucrose cardiac, [IHJNE turnover was less (P < 0.005) in casein-fed rats (6.4%/h and 28.9 ng NE/h) than in animals given sucrose (11.2%/h and 46.5 ng NE/h). Similar results were obtained in IBAT and in experiments using 1:1 mixtures of chow and casein/sucrose. Casein-fed animals also displayed slower rates of NE turnover than lard-fed rats in both heart (7.8%/h vs. 13.2, P < 0.001) and IBAT (7.0%/h vs. 12.8, P < 0.01). Addition of casein (50% increase in energy intake) to a fixed chow ration raised NE turnover slightly, but not significantly, in heart (an average increase of 15% in six experiments). Thus, in distinction to SNS activation seen with dietary carbohydrate or fat, the SNS response to dietary protein is minimal in both heart and IBAT, indicating that the effect of increased energy intake on the SNS is dependent upon diet composition.
Introduction
Alterations in nutrient intake affect sympathetic nervous system (SNS)' activity. Fasting suppresses (1) , while overfeeding a mixed diet stimulates SNS activity (2) . Furthermore, carbohydrate (sucrose) and fat (lard) both activate the SNS even when total caloric intake is not increased (3, 4) . The effects of protein on the SNS, in comparison, are not well characterized. Recent studies demonstrating enhanced SNS activity in rats fed a low protein diet (formulated by isocaloric substitution of sucrose or glucose for casein) suggested that carbohydrate stimulates the SNS to a greater extent than protein (5, 6 ).
These studies, however, left unanswered whether the decrease in casein or the increase in sucrose was more responsible for SNS stimulation by low protein feeding. Favoring the increase in sucrose was the previous report from this laboratory that described SNS activation by sucrose in the presence of a constant protein intake (4) . Pointing toward the reduction in casein were the greater relative change in casein than in sucrose by this dietary substitution (in one study protein content was reduced from 22 to 7% while sucrose was raised from 42 to 58% [6J) and the neurotransmitter precursor hypothesis, which claimed that dietary intake of tyrosine, the amino acid precursor for catecholamine biosynthesis, normally exerted an inhibitory effect over peripheral SNS function (7) .
Since the design of the earlier studies could not distinguish between the effects ofadding one nutrient with those ofremoving another (5, 6) , the following studies were undertaken to characterize the SNS response to protein, and to compare directly the effects of protein, carbohydrate, and fat on the SNS using a different feeding regimen. Sympathetic activity was estimated in heart and interscapular brown adipose tissue (IBAT) by the [3H]norepinephrine (NE) turnover technique (2, 8) . The Data analysis. Data are presented as means±SEM. Statistical analyses were performed using analysis of variance and covariance (1 1). In experiments requiring multiple comparisons, the presence of statistically significant variation was established among all groups before individual comparisons were made between any two groups; posthoc comparisons were based upon the Newman-Keuls test (1 1) . In studies of NE turnover, the data were plotted semilogarithmically. The slope (fractional NE turnover rate, k) of the decline in NE specific activity over time after
[3H]NE administration was calculated by the method of least squares (8) . In were less in rats given the casein-chow mixture than in those given sucrose-chow (3.4%/h vs. 6.5, P < 0.03; 18.4 ng NE/h vs. 33.0). Similar results were also obtained when the ratio of chow to nutrient energy was changed from 2:1 to 1:1 (associated with an increase in total energy intake to~-39.3 kcal/l00 g per d), as illustrated in Table II and Fig. 2 . Fractional NE turnover was slower in casein-fed rats than in sucrose-fed animals both in heart (7.6%/h vs. 13.2, P < 0.001) and IBAT (16.2%/h vs. 8.8, P < 0.01); calculated rates of NE turnover were also less in the casein-fed animals (33.1 ng/h vs. 48.6 in heart and 28.1 vs. 55.6 in IBAT). Thus, when provided to rats as isoenergetic supple-\ 00 2 . 100. Table IV and Fig. 4 . Fractional and calculated NE turnover rates differed significantly among the three groups in both heart (P < 0.001) and IBAT (P < 0.01). In heart posthoc, pair-wise comparisons revealed that fractional NE turnover was greater in sucrose-fed rats than in either chow-fed (P < 0.001) or casein-fed animals (P < 0.005), confirming results of previous experiments (4) and Table I , Fig.  1 . Fractional NE turnover was slightly, though not significantly, greater in the hearts of rats fed the casein-chow mixture than in hearts of animals fed just chow alone. Calculated rates of NE turnover in heart displayed a similar ranking among the groups.
In IBAT posthoc, pair-wise comparisons indicated that fractional NE turnover was significantly greater in sucrose-fed rats than in casein-fed animals (P < 0.01), a finding similar to that noted above (Table II, Fig. 2 B) . Although the fractional NE turnover rate was faster in sucrose-fed rats than in animals fed chow alone, this difference was not statistically significant. In addition, despite the 50% greater energy intake in the casein-fed rats, fractional NE turnover was slightly slower (not significantly) in casein-fed animals compared with those given only chow. Calculated rates of NE turnover followed the same rank order among the three diet groups.
Since, in our experience, small differences in NE turnover that are not statistically significant in a single experiment may nonetheless be reproducibly present over a series of studies (12, Table III . In the figure, data are plotted as means for specific activity of NE in heart and IBAT from 4 to 6 animals in each group at each time point. Open squares (0) and the broken line (----) represent rats given chow + lard; closed circles and the solid line represent rats given chow + casein. The numbers in parentheses refer to the half-time of disappearance of tracer (ti2). Statistical significance for each regression line was P < 0.001. NE turnover in both heart and IBAT was less in animals fed the casein-containing mixture than in those given the lard-supplemented formula. 13 ), several additional experiments were performed comparing [3H]NE turnover in animals fed chow alone with those given the 2:1 chow-casein mixture. The results of these experiments (including the experiment described in the preceding paragraphs) are presented in Table V , and one of these experiments (exp. 3) is also shown in Fig. 5 . In five of six experiments performed under identical feeding conditions, NE turnover in heart was slightly faster in the casein-fed animals than in those given only chow; in one study (exp. 5), the acceleration of fractional NE turnover with casein supplementation was statistically significant (P < 0.05). In IBAT, the effect of added casein on [3H]NE turnover was negligible. In two experiments, NE turnover in IBAT was slightly, though not significantly, less in casein-supplemented rats than chow-fed controls (P < 0.06 in one of these-exp. 3), while in the other, three NE turnover was marginally faster with added casein. Although these studies raise the possibility that ingestion ofcasein accelerates [3H]NE turnover in heart, but not IBAT, the effect is small, an average rise in cardiac NE turnover of 15% for a 50% increase in total energy intake as casein. Table IV . In the figure, data are plotted as means for specific activity of NE in heart and IBAT from 4 to 6 animals in each group at each time point. Open circles (o) and the broken line (---) represent rats given chow + sucrose; closed circles and the solid line represent rats given chow + casein; and open triangles (A) and the broken line (----) represent rats given chow alone. The numbers in parentheses refer to the half-time of disappearance of tracer (ti/). Statistical significance for each regression line was P < 0.001. NE turnover in both heart and IBAT was less in animals fed the casein-containing mixture and in those given chow alone than in those given the sucrose-supplemented formula.
responses to nutrient ingestion are specific for each nutrient group. In various experiments (Tables I-IV and Figs. 1-4) , the effect of protein clearly differed from that ofeither carbohydrate or fat. Data reported elsewhere indicated that sympathetic stimulation induced by sucrose or lard occurs by mechanisms unrelated to protein ingestion and sensitive to specific treatments that block intestinal absorption of these nutrients (4, 14) . Dietinduced changes in SNS activity may thus reflect the sum of sympathetic reactions to the individual nutrients ingested. Second, these data do not support the notion that protein intake inhibits SNS activity. When the impact of increasing casein intake on [3HINE turnover was examined (Figs. 4 and 5, Tables IV-VI), no single experiment and no pattern from replicate measurements (Table V) Exp. 2 is also presented in Table IV and Fig. 4 , and in exp. 4 in Fig. 5 . If so, weight gain in animals or man may be positively related to the protein content of the diet, a potential benefit for animals on a low protein diet in that consumption of a greater quantity of protein-poor food would lead to less gain in body fat. Evidence in support of this notion was reported previously ( 19) , and in the current studies, higher body weights were noted with casein feeding in seven of eight experiments in which the experimental groups were fed isoenergetic amounts ofcasein-chow or either sucrose-chow or lard-chow. While these data are consistent with (but do not establish) a positive connection between protein intake and weight gain, they do underscore the need for further investigation in this area.
